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Introduction & motivation

The Standard Model of particle physics (SM)

@ the SM is based on 3 fundamental symmetries being origin of
interactions between matter particles & mediators of the interactions

SUB)e x SU12), x U(1)y
@ the Lagrangian density .Z must be invariant under these symmetries,
fundamental principle: local gauge invariance — conservation laws
@ main ingredients of the SM:

forces: electromagnetism (7)
weak interaction (W¥, %)
strong interaction (g)

matter: 6 quarks and 6 leptons
in 3 generations

EWSB: spontaneous electroweak
symmetry breaking via

Brout-Englert-Higgs mechanism
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Introduction & motivation

The Standard Model of particle physics (SM)

@ EW theory is non-Abelian

= EW gauge bosons carry weak charge
= their self-interactions should exist

@ ZAwwvy contains the quartic gauge self-couplings (QGC)

W W W w W w W w
7 v 7z v z 7z w w
Lowyvy = _é{[zw‘jww + (A sin by — Z,, cos 0y)2]2

—[WEW, + WEW, + (Ausin by — Z,, cos Oy ) (A, sin by — Z,, cos 9W>]2}

@ no neutral gauge boson self-couplings in the SM
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Introduction & motivation

Vector boson scattering and EWSB

@ the heavy vector bosons W+ and Z acquire their mass and longitudinal
polarization state through spontaneous EWSB

@ the mechanism responsible for EWSB must regulate o(VL,Vy, — VL.VL)
to restore unitarity above ~ 1 — 2 TeV
—» cross section attenuated to a linear growth by the quartic gauge boson self-coupling

— a light SM Higgs boson exactly cancels increase for large s (for HWW coupling)

2
A(WLWL*}WLWL)O(% {7S*t+ w7, + £2 :|

th

v/Z
v/Z + + + H0 :
@ unitarity preservation visible only in V'V scattering

= V'V scattering is the key process to experimentally probe the SM nature of EWSB!
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Introduction & motivation

Vector boson scattering and EWSB

@ total cross sections as a function of the myy center-of-mass energy:
arXiv:0806.4145

o[nb] o[nb]
i 'V = VV), no Higgs \ o(VV = VV) with m;, = 120 GeV
o] i 14N
1] Y
‘ - - . ; ;
| SM without a Higgs boson AN SM with a 120 GeV Higgs boson
N \
0.1+ ~
0.5
0.014 — WrW s WtW
WHW=- = 22
Wtz s wtz
S W o W
0.2 0.0014 —— ZZ 277
T T T T
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V5 [GeV V5 [GeV]
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Introduction & motivation

Processes with quartic gauge boson couplings

@ no reaction is ever mediated by a QGC vertex alone
(even a gauge-invariant definition of the QGC contribution is not possible!)

@ two measurable classes of processes where a QGC vertex contributes:
q

— triple gauge boson production, VVV
— vector boson scattering (VBS) as VVjj
or exclusive V'V (pp) final states

@ what can we learn from QGC vertices?

@ observe the SM processes with QGC vertices
— pre-LHC: attempted for yYWW and vZWW

@ constrain anomalous quartic gauge couplings (aQGC)
— loose limits by LEP and Tevatron

o test EWSB and Higgs properties

— access through ZZWW and WWWW at large V5 = myy > 1 TeV
— one of the core reasons, why LHC has been built!

Anja Vest 7



Introduction & motivation

Experimental tests of the EW theory at LEP

@ SM confirmed at very high precision by the LEP
experiments

@ triple gauge boson couplings validated by
ete™ — WTIW ™ cross section measurements

@ measured processes with QGC vertices at LEP:

e eg et

e~ —vvyyand ete” = WHW
e significant observation with small/negligible

background

— consistent with ISR/FSR processes

(can be gauge-invariantly distinguished from processes
containing QGC vertices)

OPAL: http://arxiv.org/abs/hep-ex/0402021v1
L3: http://arxiv.org/pdf/hep-ex/0111029v1
OPAL: http://arxiv.org/abs/hep-ex/0309013
DELPHI: http://arxiv.org/pdf/hep-ex/0311004v1

— no “real” observation of any process including

QGC vertices at LEP (nor at Tevatron)
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Introduction & motivation

Large Hadron Collider (LHC) at CERN

- - -

@ pp collisions at /s = 7/8 TeV in 2011/2012

N
o

Preliminary
[HLHC Delivered
[C]ATLAS Recorded

@ outstanding LHC performance:
delivered ~ 6 fb~* @ 7 TeV and ~ 23 fb~! @ 8 TeV

N
=}

o

large rise in instantaneous luminosity 201,\5=7Tev

=)

Delivered: 5.46 1"
Recorded: 508"

—92

from 2 x 102 ecm™ 257! to 7.7 x 1033 cm™

Total Integrated Luminosity [fb1]

o

@ 50 ns bunch spacing and up to almost

. . . 0 =1
40 interactions/bunch crossing 30 A W odt gt pef
Month in Year
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Introduction & motivation

The multi-purpose detectors ATLAS & CMS

| . e
/8
/s
/ § LAr hadronic end-cap and
y / N/t \ \ forward calorimeters
/ /= | Pixel detector \
\ /" Toroid magnets \‘ LAr electromagnetic calorimeters

Muon chambers Solenoid magnet “ Transition radiation fracker

Semiconductor fracker

candidate Z — pp event with high pileup lengt! 25 cm
P AV % i

S

large luminosity comes at the cost
of hlgh plleup (many pp collisions overlaid)

Anja Vest 10



Vector boson scattering at the LHC

Vector boson scattering at the LHC
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Vector boson scattering at the LHC

V'V (pp) from “exclusive” vy — WW

@ first VV — V'V analysis at LHC: v w— W=
vy — WW
@ CMS, \/s=7TeV,L=5f"!
@ exclusive or quasi-exclusive WTW ™= o w7 W
production
pp — pOWHIW —p™) 5 pMet iy rp™ 2120 OMS, (5= 7 Tev, L =505 1” n
c [ . ]
in mixed flavour ey channel L S —
both very forward-scattered protons escape detection F [ = weiets
80; — Elasticyy ~ vt E= Inelastic yy - T'T B

—yy - W'W (SM)

@ main event selection variables:

@ 2 high pr isolated opposite charge ue
o 0 extra tracks from primary vertex
o m(uFeT) > 20 GeV
o pr(pTeT) > 30 GeV
— suppresses 777~ background from ot
Drell-Yan and ~+y
o (pr(pFe™) > 100 GeV (for aQGC analysis))
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Vector boson scattering at the LHC

V'V (pp) from “exclusive” vy — W

Y w— W=
@ remaining background very small
o after pr(uFeT) > 30 GeV:
+ +
diffractive WW and W +jets production K w 7 w

@ event yields:

@ expected background: 0.84 £ 0.15
@ expected signal: 2.2 £+ 0.4
@ observed: 2 events

@ cross sections:

o predicted: 0 x BR=4.04+ 0.7 fb
o measured: ¢ x BR = 22753 fb (~ 10)
e upper limit: ¢ < 10.6 fb @ 95% C.L.
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Vector boson scattering at the LHC

Vector boson scattering in V'V 57 final states

@ VBS: SM processes which have not been measured so far

@ protons in LHC serve as source of vector boson beams

o XK

2

Zi (1) v
example event topology

q

@ signature: diboson + 2 jets (VVjj)

— typically large mj;

— jets well separated in y

tagging jet (4)

@ V5 =myy =~ 300 — 800 GeV

tagging jet (3)
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Vector boson scattering at the LHC

V'V 4 production process classification

pure electroweak V'V jj production: O(as,
VBS diagrams non-VBS EW diagrams, gauge invariantly

not separable: separable:

can be suppressed by
VBS topology cuts

42)

“strong” V'V jj production: O(aj,«

gauge invariantly separable: can be suppressed by VBS topology cuts
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Vector boson scattering at the LHC

VBS processes (heavy vector bosons only)

@ leading order cross sections (SHERPA) at /s = 8 TeV:

final state o(VVjj-EW) o(strong VVjj) o(EW)/o(strong)
WEW=*j; 19.5 fb 18.8 fb ~1:1
WEWTjj + ZZjj5 93.7 fb 3192 fb ~ 1:35
W Zjj 30.2 fb 687 fb ~ 1:20
Z7jj 1.5 fb 106 fb ~ 1:70%

* includes v*, would be also 1:20 — 1:30 with higher my; cut

generator cuts: mee > 4 GeV, pr > 5 GeV, pl. > 15 GéV
T

= most promising measurable V'V jj final states in terms of VBS:

@ same-sign WiWijj ! qu
— strong WEW=Ejj contributions very small
(no LO gluon-gluon initial state)
w
o W*Zjj ; /

— clean channel due to 3-lepton final state
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Vector boson scattering at the LHC

Same-sign WEW*55 measurement

@ WEW=;j-EW VBS (no s-channel diagrams):

q q q q q q
w* \ﬁ::\, w* w*
| HO
W /& W W
7 7 a 7 a q

@ lowest order: WEW* + 2 jets, there is no SM inclusive W+W*1

@ for EW+strong measurement ( “inclusive signal phase space”)
et et p® and pp® channels

exactly 2 high pr same-sign leptons with pr > 25 GeV

Eiss > 40 GeV (from W decays)

veto events containing b-jets

2 hard, forward tagging jets with pr > 30, GeV and large m;;
— cut on m;; > 500 GeV

look at e

o for EW-only measurement (“VBS signal phase space”)

e additional cut on |Ay;;| > 2.4
Anja Vest 17



Vector boson scattering at the LHC

W=W=*jj sample composition

o W’iW’ijj EW (46%) VBS signal region

WEW=*3j strong (5%)

(SHERPA, normalized with POWHEG)

Electroweak WWj
B Strong WWwj
M Prompt
Conversions
W Other non-prompt

@ prompt background (28%):

a5.4%
— 3 or more prompt leptons

o WZ/y*+jets (Suerra)
Z Z+jets (SHERPA)
tt + W/Z (MaDGRAPHA+PYTHIAS)
tZj (SHerpa)

@ other non-prompt background (8%):

— prompt photon conversion |
(data driven)

@ Wy (ALPGEN+HERWIG/JIMMY, SHERPA)

— charge mis-ID due to bremsstrahlung — leptons from hadron decays in jets
with conversion (data driven) o Wjets
@ Z/v*+jets @ semi-leptonic tf decays
@ di-leptonic tt decays o di-jet events
o WEWT
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Vector boson scattering at the LHC

inclusive region VBS signal region
(EW+strong measurement) (EW-only measurement)
invariant mass of the 2 tagging jets |Ay;;| between the 2 tagging jets
(before mj; cut) (before |Ay;;| cut)
> T T T T T T T T 0 R R o e o IR B e e AR
v ATLAS E £ 30F B
Data 2012 < [ ATLAS ]
O] 1S . _ [ C * Data 2012 ]
= 20.3fb™ (s =8 TeV kX Syst. Uncertainty 3 o F 203fb? {s=8Tev B&3 Syst. Uncertainty
@ Ly &VFWJ_J_ Electroweak 3 25 500 Gev W*Wjj Electroweak |
S Wjj Strong B L i W*WHj Strong 1
2 S prompt ) - 206 . BN Prompt |
f Conversions E| C —p Conversions ]
m B other non-prompt 15: B Other non-prompt
opox ] = N
W 10%‘ {
5l =
2 T e DawBkg ] o 1 2 3 4 5 6 7 8 9
<] [ [ Bkg Uncertainty ] By |
2 o %54 (Sig+Bkg)/Bkg__| ! ] !
g g W 1 :
3 PP ]
g o
8 07200 200 600 800 1000 1200 1400 1600 1800 2000

my[GeV]
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Vector boson scattering at the LHC

WEW= system in the VBS signal region

25

Events

20

15

10

)]

lepton centrality ¢

[ ATLAS
F 203fb? (s=8Tev

[ VBS SR, eet+ep+up

lepton centrality:

I | R

Data 2012

Syst. Uncertainty
W*W?jj Electroweak
WZIy*,ZZ tt+W/Z
Other non-prompt
OS prompt leptons
Wy

W*W4j Strong

~ a1 T

Events/50 GeV

transverse mass of WEW* system

16
14
1

N

10

N A O 0

ATLAS @ Data 2012
B Syst. Uncertainty
203 fb% Vs = 8 Tev WAWHj Electroweak
VBS SR, ee+ep+pup B Wz/y*,2Z tt+W/Z
Bl Other non-prompt
Wy

OS prompt leptons
W*W4jj Strong

100 150 200 250 300 350 400 450 500
me(LLET™) [GeV]

¢ = min[min(ne, ne2) — min(n;1, n;2), max(n;1, nj2) — max(ner, ne2)]

— both leptons within tagging jets (in n): ( > 0

— one or both leptons with larger 1 than closest jet: ( < 0

Anja Vest
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Vector boson scattering at the LHC

W*3jj event yields

VBS Region
etet et s

Prompt 224+05 42+ 1.0 19+05
Conversions 21+05 19+0.7 -
Other non-prompt 0.50 + 0.26 15+06 034 +0.19
WEW=jj Strong 0.25 +£0.06 0.714+0.14 0.38 + 0.08
WEW=*jj Electroweak | 2.55 + 025 7.3 £ 0.6 40 + 0.4
Total background 5.0+ 0.9 83+16 2.6 +£05
Total predicted 7.6 +£1.0 15.6 + 2.0 6.6 + 0.8
Data 6 18 10

@ interference between EW and strong W*W ¥ production: ~ 7%
evaluated with SHERPA, included in EW W*W*3j prediction
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Vector boson scattering at the LHC

W*W=*jj candidate event

280 ET [GeV)

p*ptjj Candidate Event
mjj=2800 GeV |Ayil=6.3

220

160

360

CATLAS
13 EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC

jets: p‘é} =271 GeV, p‘éﬂz =54 GeV, pil =29, n92 = —3.
muons: pg;l = 180 GeV, py.” = 38 GeV, ntl =14, nt? = —1.3
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Vector boson scattering at the LHC

W*W=3j production cross sections

@ cross sections measured in two fiducial regions with different sensitivities to
EW and strong W*W = production mechanisms

— extracted by fitting a likelihood function to the observed data

measurement theory prediction

POWHEGBOX+PYTHIA8

inclusive signal region (EW+strong W*W; production)
cross section [fb] 2.1 + 0.5(stat) + 0.3(syst) 1.52 + 0.11
significance 450 340
VBS signal region (EW W*W=j; production)
cross section [fb] 1.3 £ 0.4(stat) + 0.2(syst) 0.95 + 0.06
significance 360 280

@ first evidence of a process containing a VV V'V vertex!
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Anomalous quartic gauge couplings
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Anomalous quartic gauge couplings

Look at physics beyond the SM

@ the SM is assumed to be a low energy effect of new physics at scales beyond the
current kinematic reach

@ model independent approach, complementary to direct searches for new physics:

— low energy effects from beyond SM physics can be parametrized by an
effective Lagrangian (SM + higher-dimension operators):

(@
Ci d
Lo =ZLsm+ > D 10"

dimension d 4
(valid only, if new physics out of direct LHC reach, s < A?)
@ new physics in EW sector modify gauge boson self-interactions
— VBS could still be strong and differ from SM predictions

@ genuine dimension 8 QGC operators with no effect on TGC:

WWWW WWZzZzZ 72777 WWAZ WWAA ZZZA ZZAA ZAAA AAAA
Os,0. Osa X X X
Ono Omi1.9m6 . Omr X X X X X X X
Om2 Owms Owma Owmss X X X X X X
Oro . .Opy .Orp o X X X X X X X X X
Ors5.0r6 .Or7 X X X X X X X X
Ors Oty X X X X X

Anja Vest 25



Anomalous quartic gauge couplings

Look at physics beyond the SM

@ Effective Field Theory description can be translated in EW chiral Lagrangian
approach and vice Versa arxiv:hep-ph/0606118

— switch of operator basis, dependent on vertex

@ relevant effective aQGC parametrizations (examples):

dimension 4 dimension 6 dimension 8
WWWW, WWZZ WW Z~,WWn~y all Vvvv
EW chiral Lagrangian effective operators
non-linear representation linear representation
g, Qs ao/AQ, aC/A2 fS’i/A4, fM,i/A4, nyi/A4
Appelquist et al. (1980) Belanger et al. (1992) Eboli et al. (2006)

@ example: a5 > % CONVErSION arXiv:1300.7890, arXiv:1310.6708

. o
— WWWW vertex: as = 22220 and ay+2-a5 = £ o
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Unitarization

Anomalous quartic gauge couplings

@ with aQGCs unitarity may be violated even in the presence of a SM Higgs
(effective parametrization always violates unitarity at some mvv)

= unitarization scheme needed!

— all unitarization schemes are arbitrary and introduce model dependence!

@ form factors (e.g. in VBFNLO arxiv:1205.4231)
Fls) = (1+5/A5) "

— suppression of amplitude

o additional arbitrary parameters:
exponent n and form factor scale App
o weakly motivated, but easy to implement
@ can be generally used for arbitrary
anomalous operators
@ needs “fine tuning”

Anja Vest

Feigl, Zeppenfeld, 2010
1 T T T

0.9 F . .

App = 2000 GeV, n= 2
0.8 + App = 2000 GeV, n= 1 q
0.7 b _
06} .
205t -
& o0a | i
0.3 F -
0.2 F _
0.1 F .

0 L . .

0 2000 4000 6000 8000
V5 [GeV]

forn =2 at App = 2 TeV:

amplitude suppressed by a factor of 4
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Anomalous quartic gauge couplings

Unitarization

@ with aQGCs unitarity may be violated even in the presence of a SM Higgs
(effective parametrization always violates unitarity at some mvv)

= unitarization scheme needed!
— all unitarization schemes are arbitrary and introduce model dependence!

@ K-matrix method (WHIZARD arxiv:0806.4145) Im[A],

e scattering amplitude A(s) projected on Argand circle

— saturation of the amplitude
Ak (s)

Re[A]
As)

nonﬂ’jnitarized

Real 1-S UB

unitarized (K-matrix) — allows for probing the entire

o 1
WIWH—>Ww*

kinematic phase space without

unitarity bound being unphysical

1000 1500 2000

3500 3000

101 L
500

arXivi1310.6708, M. Sekulla’ " Vs
28
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Anomalous quartic gauge couplings

Constraints on aQGCs from vy — WW

> 30— I B
L 8 [+ o -Dren-vann ]
@ sensitive to WWyy vertex g 25} Eraww Moy B
D r 3 — Wjets
- c [ — Elasticyy - v 2= Inelastic o 1
@ additional cut at pr(uteT) > 100 GeV: T "
i

CMS Vs=7TeV,L= 505fbl

— 0 events left

@ 1D and 2D limits (95% CL) on aQGC
parameters af’ /A% and 'V /A2

250 300

150 260
P, (e4) (GeV]

CMS, s =7TeV,L =5.05 fb™
e S L e e

100

o |ag” /A% < 0.00015 GeV 2 % %0
o |al /A% < 0.0005 GeV ™2

& 0.002
@ unitarization with form factor with E
Apr =500 GeV, n =2 & ooo .
Y
@ un-unitarized limits (without form factor): © o ]
@ 30 — 40 times better, but dominated by i
v/5 above unitarity -0.001f - ]
@ %100 improvement wrt. DO S onconncorea
@ %3000 improvement wrt. LEP -0.002 ‘ oot

-0.0005 0
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Anomalous quartic gauge couplings

Constraints on aQGCs from W*W*j;

@ exclusion limits on a4 and a5 extracted from cross section in VBS phase space

e aQGC samples from WHIZARD+PYTHIA8 with K-matrix unitarization
o efficiency only weakly dependent on aQGC

5‘0 si‘gma X ECCEP(EHK‘Z& A_O.;E
o T T T T T (wizaro) . g
C ATLAS ] 50 €
0.6p 203, Vs=8Tev 25
0.4 pp - W*W*jj & 2.0
T K-matrix unitarization b 15
- 1 1.0
0.2; \ E s
O: \ : -04 -03 -02 -0.1 -00 0.1 02 03 00
-0.2F confidence intervals B 1D 95% confidence intervals
[ 68%CL ]
04 meswcL E expected:
-0.6 — expected 95% CL 4 —0.10 < aq4 < 0.12
:‘H‘X\‘s‘ta‘r?(\k‘lr‘qwd‘e‘l‘mmHH\HH\HH\HHIHH: —0.18 < a5 < 0.20
-04 -03 -02 01 0 0.1 02 03 04
a observed:
N —0.14 < a4 < 0.16
= scale of new physics: A > 500 — 650 GeV —0.23 < as < 0.24
(rule of thumb: A = v/ /a; arXiv:1307.8170) (respective other a; = 0)
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Summary and outlook
Summary

@ exploring gauge boson self-interactions at the LHC in full swing
@ first results on processes involving a VV V'V vertex

@ cross sections for vector boson scattering processes:

CMS alyy = WTW~™) x BR =22733 b ~ 1sd.
ATLAS o(pp — WEW®Fjj-EW) x BR =13+04+02f 3.6sd.

— first evidence for a process containing vector boson scattering
— first evidence for a process containing a VV V'V vertex!

@ rough sensitivity scales A from aQGC limits:

CMS vy - WHW—  ATLAS W*W* — wEw*

un-unitarized 260 - 500 GeV not given
unitarized 40 - 80 GeV 500 - 650 GeV

@ further 8 TeV results expected
Anja Vest 31



Outlook

@ Higgs boson discovered, but still need
to check whether this Higgs unitarizes
the VBS process

— need to explore VBS at higher
energies, complementary to
studying Higgs properties

@ LHC @ 13/14 TeV:
above V5 =myy ~ 1 -2 TeV it will
become possible to experimentally
probe the SM nature of EWSB
by VBS measurements

MULTI-BOSON INTERACTIONS

WORKSHOP
fU”y explore EWSB, probing in > 2014 * Brookhaven National L ry e gov/mbi2014

@ beyond the LHC:

particular unitarization of WW TOPICS Mo
scattering at mww > 1 TeV, and
explore dynamics well above EWSB
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W=W=3j production: event selection

T T T T T
ATLAS

@ exactly 2 same-sign leptons, p4 > 25 GeV, |n| < 2.5

>
+ 4+ 4+ o+ + 4+ § 25 20.3fb, Vs aaT\/@Da‘azo12
. . ,Is=8Te' Syst. Ul 1
eTe™, eTp™ and pTpu™ final states g Incl SR ecrepun Wyiswjj'g%fg&%ak
5 20| : - Wz/y*l,lzz,ﬁr\gllvlz
0os t lept
@ My > 20 GeV . - W+pr0mp leptons
B Other non-prompt
@ veto events with any additional electron (muon) 10
with pr > 7(6) GeV — reduces WZ and ZZ .
miss ' s e I
@ Ex™ > 40 GeV 0 50 100 150 200 250 300
— reduces Z+jets with charge mis-identification EY' [GeV]
@ Z-veto in ee channel: |mee — mz| > 10 GeV 5 ATL)\S] "\ patazors
K . L L ir 203 ™ (s=8TeV B Syst. Uncertainty
— reduces Z+jets with charge mis-identification Incl. SR ee+eptuy W Electrowea
. ot . <+ ] wz/y*J,'zz,ﬁﬂ?wz
@ > 2 jets, pii" > 30 GeV, |t < 45 o ot
.y
@ veto events containing b-jets 30
— 20|
— reduces tt events (lepton from b-decays)
10| VOV VST
@ m;; > 500 GeV (jets with largest pr) . 0 2

Nn Jet

@ VBS signal region: |An;;| > 2.4
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77 production

inclusive phase space

VBS phase space

ATLAS SM gl =1.52 + 0.11 [fb] ATLAS SM o\=0.95 + 0.06 [fb]
203 fb—l ngs TeV NLO, POWHEG-BOX, CT10 203 fbrl ngs TeV NLO, POWHEG-BOX, CT10
ete* etet
2.0+ 1505 [fb] 0.4+ 1.0£4.0 [fb]
efp* —_— efp* —_——
2.1+ 0.7+ 0.3 [fb] 1.3+ 0.6 £0.25 [fb]
pEpE pep —_—
2.2+ 0.9+ 0.2[fb] 1.7+0.8+0.15 [fb]
Combination _— Combination ,—
2.1+ 0.5 +0.3[fb] 1.3%0.4+0.2[fb]
. . | . . . . |

05 1

I
3 3.5

I
15 2 25 -1 -0.5 0 0.5 1 15 2 5
1. VBS
oy [fo] [eavreiie]]
Inclusive Signal Region VBS Signal Region
et et et s Total ct et T s Total
W= W T]j Electroweak 3.07 & 0.30 9.0 + 0.8 29 £ 05 169 £ 15 2.55 £ 0.25 73 £06 40 £ 04 139+ 12
W W *jj Strong 0.89 =+ 0.15 25+ 04 142 4 023 484038 0.25 + 0.06 0.71 =+ 0.14 0.38 + 0.08 1.34 +0.26
W Z/y*ZZtE+W | Z 30+ 07 6.1+ 13 26 £ 0.6 116 £ 25 22405 42+ 10 1.9+ 05 82+ 1.9
Wy 11+ 06 16 4+ 038 - 27+ 12 0.7 £ 04 13407 - 20+ 1.0
0OS prompt leptons 21+ 04 0.77 + 0.27 - 28 + 0.6 1.39 + 027 0.64 + 0.24 - 20+ 05
Other non-prompt 0.61 + 0.30 19408 0.41 4 0.22 29 + 08 0.50 + 0.26 15 4 0.6 0.34 + 0.19 23 + 07
Total Predicted 107 & 1.4 21.7 + 2.6 93 £ 1.0 2 E5 76 £ 1.0 15.6 & 2.0 6.6 + 0.8 298 + 35
Data 12 26 12 50 6 18 10 34
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W*3jj event yields

Inclusive Region
etet et s

Prompt 3.0+ 0.7 6.1+ 13 2.6 +0.6
Conversions 32+07 24 +0.8 -
Other non-prompt 0.61 + 0.30 19+08 041 +0.22
WEW=jj Strong 080 +£0.15 25404 1.42+0.23
WEW=jj Electroweak | 3.07 £ 0.30 9.0 + 0.8 49 +05
Total background 6.8+12 103+20 3.0+ 06
Total predicted 107 +£14 217+ 26 93+ 1.0
Data 12 26 12

@ interference between EW and strong W+ W= production: ~ 12%
evaluated with SHERPA, included in EW W*W*3j prediction
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W=W=34 production — systematic uncertainties

Systematic Uncertainties ee/eu/pp (%) - VBS SR

Background Signal
Jet uncertainties 13/15/15 | Theory WEW=jj-ewk 6.0
Theory WZ /~* 45/5.4/7.8 Jet uncertainties 5.1
MC statistics 8.9/6.4/8.4 Luminosity 2.8
Fake rate 4.0/7.2/6.8 MC statistics 45/2.7/3.7
05 lepton bke/ 5.5/4.4/— | E* reconstruction 1.1
Conversion rate
E7M5% reconstruction 2.9/3.2/1.4 | Lepton reconstruction 1.9/1.0/0.7
Theory W + ~ 3.1/2.6/- b-tagging efficiency 0.6
Luminosity 1.7/2.1/2.4 trigger efficiency 0.1/0.3/0.5
Theory W*W*jj-strong  0.9/1.5/2.6
Lepton reconstruction 1.7/1.1/11
b-tagging efficiency 0.8/0.9/0.7
Trigger efficiency 0.1/0.2/0.4
37
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W*=W=34 production — control regions

trilepton control region: < 1 jet control region:
— prompt — conversions (ee), prompt (uu)
3 eaaaassans: e aa s aiaasaans , > . . . . . T
O gob ATLAS * Data2012 = 5] ATLAS * Data2012
2 E 2031b" (s=8Tev B Syst. Uncertainty 9 20.3 b, s = 8 Tev B&R Syst. Uncertainty
Fil E  Tri-lepton CR W*W*j ewk+strong 5 <1jetCR, ee W*WHjj ewk+strong
£ 50— . wzyr € OS prompt leptons
& E [ ] E S - WEQV*VZZ
E | Elfc\;})zrompt E Other non-prompt
£ 7 . Wz
3 2F =, Data/Expected 3 o F ! I E
o [ Syst. Uncertainty 2 = _ 1
£ o ‘ | ] £ it +ﬁ++++++ H‘n ‘ \T - [ 1
5 e : . 3 ElTei ¥ * Data/Expected ]
g r +$ff+ + + ! El 5 o t TT+ + :ls;sx. uxnpceecngimy{
0 100 200 300 400 500 600 700 800 900 1000 7100 200 300 400 500 600 700
m; [GeV] m, [GeV]
Control Region Trilepton <1 jet b-tagged Low m;
eTeT exp. 36+ 6 278 + 28 40+ 6 76+ 9
data 40 288 46 78
eTpF exp. 110 + 18 288 + 42 75 + 13 127 + 16
data 104 328 82 120
wEuE exp. 60 + 10 88 + 14 25+ 7 40+ 6
data 48 101 36 30
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W*=W=34 production — control regions

tt/b-tag control region: m;; < 500 GeV control region:
— other non-prompt (b-decays) — mix
3 s e s g ATLAS ‘ b 201‘2
[ | - .
E ATLAS e Data 2012 B [ ata )
S . F 203t s=8Tev B Syst Uncerainy ] @ 203", (s=8Tev B Syst. Uncertainty
5 MR e ok Lo, . e e WYL
= =
o 25 Bl Other non-prompt = \(})\;Der non-prompt
1] £ W/Z \/
C QS prompt leptons
20 T+W/Z
150
100
5
° e B 2~ DamEpeced ]
% P g;\:.lﬁﬁe;cr::ﬁny I §_ f 3 syst. Uncertainty + | q
g E % L I S | == ]
& 1k 1+1+¥H++\ #A % == ‘f+ T ]
g o 4 g f —+ ]
8 3 ] S 9 1
%0 4080 80" 100 120 140 160 180 200 1 2 3 4 5
p,() [Gev] By
TY
Control Region Trilepton <1 jet b-tagged Low m
eTeT exp. 36+ 6 278 + 28 40+ 6 76 + 9
data 40 288 46 78
eTuT  exp. 110 +£ 18 288 +42 75+ 13 127 + 16
data 104 328 82 120
pEuE exp. 60 + 10 88 + 14 25 + 7 40+ 6
data 48 101 36 30
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experimental tasks

@ W*Z (4 n jets) can have any number of jets: n =0,1,2,3, ...
— lowest order: W*Z + 0 jets
V5=28TeV, 13 fb~!

@ 3 high pp, isolated leptons e
% 1800 ‘ AT
. . . . 0] E ata i
@ 1 opposite-sign lepton pair forming S 160- |+ Quz 3
Z within 81 GeV < my < 101 GeV g 40~ b Buzy -
@ 120 l+ Oz+et
. . w £ i @Top B
@ residual lepton + EF"* forming W 100 4 =
80 ‘|+I ATLAS Preliminary =
@ results: 601 I’f' \EeTevjLaziset 3
40— Pt 3

o 1094 events observed 20k "l’k*

@ 277 background events expected L 2

OO

100 200 300 400 500 600 700 800

(mainly Z+jets & fake leptons) M, [GeV]
Wz

0 Trotal = 20.375 3 (stat) T ?(syst) (lumi) pb

@ onvcrm = 20.3 £0.8 pb

e for W*Z VBS measurement: require additional 2 jets
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Backup
Modeling of anomalous quartic gauge couplings

EFT description can be translated in EW chiral Lagrangian approach for
aTGC/aQGC and vice versa (switch of operator bases) arxiv:hep-ph/0606118

EW chiral Lagrangian approach (non-linear realization of the gauge symmetry)

@ aQGC operators (dimension 4):

L=y (Tr[V,V,])? % = as(Ta[V,VH])?

@ V,=%(D,X), © =e" 'V, w: goldstone scalar field triplett

@ aQGC parametrizations: a4 and as

EFT approach (linear realization of gauge symmetry)

@ operators (dimension 8):

Zso = L£((D,®)' D, ] x [(DF0)T DD
Lsq1 = f“[(Du@)TD“@] x [(D,®)' D" @]
fs,o0 fs1

@ parametrizations: % and e
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Unitarization schemes

K-matrix: saturation of amplitude to achieve unitarity
form factor: suppression of amplitude to get below unitarity bound

I
1O |— cuon i -
<05 1
0.0 ‘ : :
0 1 2 3 4

https://indico.desy.de/getFile.py/access?contribld=8&sessionId=2&resId=0&materialld=slides&confId=7512
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Backup
Kinematic distributions, unitarized

@ comparison of unitarization with K-matrix method (WHIZARD, ay/5) and
form factors (VBFNLO, fs/1) at generator level

@ example process: pp — qgetvetv

Adg(leptons) differential cross-section distribution:

A¢ of leptons generator cuts:
5 CcTr T 71T ‘ T T T T ‘ T T 1T T T 1T T T T T T T 1T ‘ |
= 5 E T _F — 0
s 35 = @ pr > 10 GeV, || <5
< E [~ .
= 4o
5 i i E @ pl > 20 GeV, |n;| <5
5 I -
E-—a3=0a5= r+= 3 . .
2 - 0: — 70;, a5 =0 A. Melzer : — ° |AR(]J)‘ > 04
E wg = —02, a5 = i~ ]
15 ;777 'Xi — 04, 11153 —0 7fj = @ my; > 150 GeV
= i -
e W e ~ =" 1 aQGC parameter:
0.5 — IR e e - ! - _7; ~ _
[¢] :\ L1 ‘7‘*?7‘ L1 ‘ | ‘ L1 T L ‘ | ‘ | ‘ \E ° fS'O = fSl % 2fl76 ’ (11
o 0.5 1 1.5 2 2.5 3A¢ (with fS,O/l - 31\71/1 TeV4)

@ a5=0
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Limits on aQGCs for W W ~~

LEP L3 limits —_— CMS WWy limits —_—

July 2013 L
y DO limits CMSyy - WW limits ~ =:=++
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s

WWy  [- 15000, 15000] 0.43fb™ 0.20 TeV

VY - WW  [-430,430]  9.70fb® 1.96 Tev

p Wwy [-21,20] 19.30fb* 8.0 TeV
aW/A? Tev?

vy - WW [-4,4] 5.05fb® 7.0 Tev

WWy  [-48000, 26000] 0.43fb™ 0.20 TeV

yy - WW [- 1500, 1500] 9.70fb™ 1.96 TeV

—_— WWy [-34,32] 19.30fb™ 8.0 Tev

a%/A? Tev?
yy— WW [ 15, 15] 5.05fbt 7.0 TeV

-1
fro/A* TeV* P E— Wwy [-25,24] 19.30fb 80 Tev

-10°-10*-10°10%-10 -1 1 10 10% 10° 10* 10°
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Effective QGC in VBS

@ non-linear realization of the gauge symmetry — chiral EW Lagrangian:
24 = G {{WHWHW W)+ WEWTR] 4+ Z W)W 2) + 5l (22))
L5 = aa G {WHwo)? + ZWHw)(22) + 5l (22))

@ effective parametrization of physics beyond kinematic reach, e.g. resonances
at new physics scale A = v/\/a;

@ wide — continuum, narrow — particles

. . 2
@ «; parametrize low-mass tail of these resonances, e.g. a5 = gg(#)

J=0 J=1 J=2
I=0 o (Higgs) NGV 1° (Graviton?)
I=1 7=, 7 (2HDM?) ot p° w'/Z") a*,a’
I=2| ¢F ¢F, ¢" (Higgs triplett?) - tEE 0

@ unitarization only guaranteed for explicitly included resonance(s) at unique values
of the coupling g

@ effective parametrization always violates unitarity at some myyv
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Resonances in VBS

Example with resonances, scalars (a4 and as = 0, no longer needed!)

— cross sections (in nb) for V'V scattering in dependence of the centre-of-mass energy:

isoscalar o isotensor ¢
o[nb] o[nb]
i
1 4§
24} o(VV — VV), with 500 GeV scalar isoscalar 10 | o(VV = VV), with 500 GeV scalar isotensor
\
\
oo )
1 \ WHW= = WHI
0.5 :
— L WEWE s wwt
0.2 0.1 -
0.1
0.01
0.05
ZZ 2727
T T T T
1000 ; 2000 3000 0 1000 2000 3000
V5 [CeV] /5 [GeV]
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Prospects for VBS at /s = 14 TeV

@ LHC@14 TeV —» Vi=myy ~ 1 -2 TeV

@ signal chosen: anomalous VBS ZZ tensor singlet resonance [
— exactly four selected leptons: two opposite sign, same flavor pairs
— hard benchmark, sensitivity higher for other resonances

Mresonance  coupling  width 300 fb—! 3000 fb—!
500 GeV g=1 =2 GeV 2.40 7.50
1 TeV g=1.75 F =50 GeV 1.70 5.50
1 TeV g=25 I' =100 GeV  3.00 9.40
.§ ""ATLAS Préliminary” ISM w i .g ——————— ‘ " ATLAS Prellmlnary ISM w J
E E (Simulation) E E s (Simulation) ]
200F- o . 1
o I Ldt=3000fb" | Nerwv E J Lot=3000f0" [y
1601 zZ Mrm = Z oo |
140? 1.75) 7; 7(9=1.75) B
120F E ]
1005 E ]
80= 3 E
605 E ]
405 3
20F = =
= PRI S war i L L L L L
0 05 1 15 2 25 3 35 4 45 5 03 04 0506
leading m [TeV] m, [TeV]
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